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The deep roots of Earth’s surface 
Abstract 
The structure of the lithosphere is key to reconciling the dynamic topography predicted by mantle 
convection models with residual topography derived from observations, suggest analyses of both models 
and data. 
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The deep roots of Earth’s surface  
 
The structure of the lithosphere is key to reconciling the dynamic topography predicted by 
mantle convection models with residual topography derived from observations, suggest 




Plate tectonics and mantle convection have shaped the topography of our planet over 
millions of years through both prominent and subtle processes. The collision of continental 
plates, for example, results in elevated peaks in mountain belts.  More subtly, the surface of 
our planet is shaped by mantle flow, a process called dynamic topography: Earth’s surface is 
pulled down by cold lithosphere sinking into its deep interior at subduction zones, and it is 
pushed up by rising hot mantle plumes. The wavelength and amplitude of dynamic topography 
remains elusive, because it requires determining residual topography, that is, the difference 
between two quantities: the actual observed topography and the topography expected from 
variations in the thickness and density of the crust and underlying mantle lithosphere – which 
have not been mapped in detail globally. Writing in Nature Geoscience, Davies and colleagues1 
show that the residual topography peaks in amplitude at long wavelengths of tens of thousands 
of kilometres. 
 
The best currently available database of Earth’s residual topography2 consists of sparse 
local measurements, predominantly along continental margins, of the thickness of sedimentary 
strata and - where possible - of the thickness of oceanic crust. These point-wise constraints on 
residual topography are complemented by bathymetry measurements along ship tracks in the 
ocean basins; however, in the absence of measurements of sediment and crustal thickness these 
constraints are less accurate. The original global spherical harmonic expansion of this sparse 
dataset with about 2,000 data points to cover the entire globe suggested that dynamic 
topography has peak amplitudes of about 500 m at long wavelengths on the order of 10,000 
km, and at approximately 200 m remains substantial towards shorter wavelengths2.  
 
This inferred modest peak and slow decline in amplitude from long to shorter 
wavelengths is in stark contrast to global mantle convection models. These models predict peak 
amplitudes typically greater than about 1,500 m at long wavelength and negligible amplitudes 
below 100 m for wavelengths shorter than 2,000 km (ref. 3). This discrepancy matters, because 
it determines how much of the Earth’s topography is generated by deep, lower mantle flow, as 
opposed to upper mantle flow or thickness and density variations of the lithosphere. 
 
Davies and colleagues1 revisited the global residual topography database, and carried 
out a spherical harmonic expansion in which the regularisation operator does not favour an 
arbitrarily smooth solution, but is instead automatically determined from the statistics of the 
residual topography data. This analysis reveals that the peak amplitude of residual dynamic 
topography is up to 900 m at wavelengths of around 13,300 km, or spherical harmonic degree 
l = 2. This finding implies that lower mantle flow significantly contributes to the observed 
residual topography, because long-wavelength dynamic topography has long been linked to 
deep mantle flow4. The analysis also shows that the spectral amplitude of residual topography 
decreases to less than 270 m at short wavelengths of around 1,300 km. 
 
In addition, Davies and colleagues quantified dynamic topography from instantaneous 
mantle flow models, in which deep-mantle density heterogeneities are derived from global 
body wave seismic tomography models. These experiments confirm that the dynamic 
topography predicted by a model including the global structure of the lithosphere is compatible 
with the spectral amplitude of global residual topography5, whereas a model ignoring structures 
above 300 km depth is not. Specifically, considering the lithosphere adds short-wavelength 
structure to the model and guides flow in the shallow mantle.  
 
Davies and colleagues then isolated the oceanic topography related to mantle flow in 
their preferred model by estimating the isostatic topography – the part related to changes in 
thickness and density of the global lithosphere. This procedure revealed that flow-related 
topography is greater than isostatic topography for wavelengths greater than about 2,500 km, 
whereas topography is mostly isostatic at shorter wavelengths. In turn, this suggests that current 
residual topography constraints may be an appropriate proxy for flow-related (dynamic) 
topography at long-wavelengths, but not at wavelengths shorter than 2,500 km or so.  
 
 These important results open new questions. First of all, while it is generally compatible 
with the spectral amplitude of residual topography, the amplitude of predicted dynamic 
topography reported by Davies and colleagues remains on average approximately twice as 
large as that of residual topography. This could be due to a number of factors including 
assumptions on the conversion from seismic velocity to density; the rheological properties of 
the mantle6 or lithosphere7; or omission of the effects of shear heating and compressibility8.  
 
Second, the spherical harmonics expansion of sparse residual topography constraints 
presented by Davies and colleagues requires considering all 2,000 or so point-wise constraints 
of residual topography, as well as the less accurate constraints inferred from ship track 
bathymetry. The best constraints on residual topography currently consist of 1,160 locations at 
which the thickness of sediment and oceanic crust are both measured, which is too sparse for 
a robust spherical harmonic expansion6. Improved access for academics to existing seismic 
reflection data would go a long way in expanding this dataset and improving constraints on 
residual topography. Seismic data are often proprietary because of their commercial value for 
hydrocarbon exploration, but residual topography is best determined where oceanic crust abuts 
the continental margin2, whereas hydrocarbon plays generally occur on stretched continental 
crust. Therefore, the seismic data required to determine the structure of the crust9 and residual 
topography have no commercial value.  
 
Finally, the study underlines the need to better constrain flow-driven topography by 
developing improved residual topography models that consider the thickness and density of the 
mantle lithosphere in addition to the thickness of the crust and sediments. This remains a 
challenge, as knowledge of the composition of the lithosphere is largely limited to natural 
xenolith occurrences in the continental realm10, whereas residual topography is best 
constrained in the oceanic realm. Nevertheless, advances in modelling the thickness and 
density of the lithosphere globally11 pave the way for future improvements of residual 
topography models. 
 
Davies and colleagues1 reconcile the wavelength and amplitude of different estimates 
of dynamic topography and clarify the important role of the structure of the lithosphere. The 
findings will help focus efforts to understand the forces that ultimately shape the surface of the 
Earth. 
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Figure 1 | Evolution of the understanding of the amplitude of long-wavelength dynamic 
topography. Originally, the relative contribution of the lower and upper mantle flow (arrows) 
to dynamic topography were assumed to be strong (left panel, bottom), resulting in large 
amplitudes, but the lower mantle was then thought to have only a small influence (middle 
panel). Davies and colleagues1 reanalysed the available data and combined them with models 
to arrive at intermediate amplitudes (up to 0.9 km), with contributions from both the lower 
mantle and the upper mantle, and a strong role for the structure of the lithosphere in determining 
dynamic topography (right panel). 
 
